Abstract The stromal vascular fraction (SVF) of adipose tissue in rodents and primates contains mesenchymal stem cells and immune cells. SVF cells have complex metabolic, immune and endocrine functions with biomedical impact. However, in other mammals, the amount of data on SVF stem cells is negligible and whether the SVF hosts immune cells is unknown. In this study, we show that the SVF is rich in immune cells, with a dominance of adipose tissue macrophages (ATMs) in cattle (Bos primigenius taurus), domestic goat (Capra aegagrus hircus), domestic sheep (Ovis aries), domestic cat (Felis catus) and domestic dog (Canis familiaris). ATMs of these species are granulated lysosome-rich cells with lamellipodial protrusions and express the lysosome markers acid phosphatase 5 (ACP-5) and Mac-3/Lamp-2. Using ACP-5 and Mac-3/Lamp-2 as markers, we additionally detected ATMs in other species, such as the domestic horse (Equus ferus caballus), wild boar (Sus scrofa) and red fox (Vulpes vulpes). Feline and canine ATMs also express the murine macrophage marker F4/80 antigen. In the lean condition, the alternative macrophage activation marker CD206 is expressed by feline and canine ATMs and arginase-1 by feline ATMs. Obesity is associated with interleukin-6 and interferon gamma expression and with overt tyrosine nitration in both feline and canine ATMs. This resembles the obesity-induced phenotype switch of murine and human ATMs. Thus, we show, for the first time, that the presence of ATMs is a general trait of mammals. The interaction between the adipose cells and SVF immune cells might be evolutionarily conserved among mammals.
Introduction
Adipose tissue is a major form of energy storage in the body of mammals. In addition to its metabolic role as a depot of lipids and lipid-soluble vitamins, it has steroidogenic activity and synthesizes hormones and paracrine mediators that control appetite, lipid and carbohydrate metabolism and reproduction (Cinti 2012) . Moreover, adipose tissue is involved in immune surveillance (Grant and Dixit 2015; Zhang et al. 2015) . This group of functions suggests that the adipose tissue depots act as an integrated metabolic, endocrine and immune organ of the body (Ferrante 2013; Galic et al. 2010; Rosen and Spiegelman 2014) . This work was supported by the Institute for Comparative Molecular Endocrinology (Director Prof. Jan Tuckermann) of the University of Ulm and the State of Baden-Württemberg, Germany.
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Despite adipose tissue having indispensable physiological roles, the hyperplasia and the hypertrophy of adipose tissue cause obesity, which is a health problem reaching pandemic proportions today (Rosen and Spiegelman 2014) . Obesity can disrupt the endocrine and the immune functions of the adipose tissue and this impairment of adipose tissue physiology has been recognized as a major predisposing factor for insulin resistance, diabetes, atherosclerosis and cancer (Lee and Lee 2014) .
The two cellular constituents of adipose tissue are the fat cells or adipocytes and the cells of the so-called stromal vascular fraction (SVF; Fig. 1 ). In rodents and primates, the SVF contains mesenchymal stem cells and various immune cells (Cinti 2012) . The functions of the SVF cells are the subject of intensive research today, since they have the potential to impede obesity development and to resolve obesity-associated immune and metabolic dysfunctions (Chhabra and Brayman 2013; Paek et al. 2014) . The stem cells of the SVF differentiate into mature adipocytes and thus, the inhibition of their differentiation program can be an approach against obesity (Rosen and Spiegelman 2014) . Furthermore, the in vitro differentiation potential of the SVF stem cells makes them promising tools in tissue engineering, with potential use in regenerative medicine (Tsuji et al. 2014) . The SVF immune cells, such as mast cells, regulatory T cells, granulocytes and adipose tissue macrophages (ATMs) have recently been recognized to affect metabolism through paracrine and endocrine mechanisms (Grant and Dixit 2015) . Changes in the quantity and the nature of the SVF-associated immune cells can cause insulin resistance and diabetes (Osborn and Olefsky 2012) . In this context, ATMs are the most intensively studied immune cells of the SVF. They have several functions in endocrine signaling by synthesizing hormones and adipokines that enable interference with insulin-controlled metabolism (Epelman et al. 2014; Glass and Olefsky 2012; Lee and Lee 2014; Li et al. 2013; Osborn and Olefsky 2012; Qiu et al. 2014) . The ATMs of the visceral adipose tissue, especially, have prime importance in metabolic regulation (Rosen and Spiegelman 2014) . When ATMs are stimulated with bacterial cell-wall component lipopolysaccharides (LPS), interferon gamma (IFNγ), or modified lipoproteins, they adopt a so-called classical (or M1) activation state. The M1 activated ATMs produce inflammatory cytokines, nitric oxide (NO) and reactive oxygen species. These mediators inhibit insulin signaling locally and, by entering the bloodstream, cause systemic insulin resistance and exacerbate autoimmunity and pancreatic beta cell destruction (Fuentes et al. 2010; Glass and Olefsky 2012; Lee and Lee 2014; Osborn and Olefsky 2012) . The M1 activation of the ATMs is thus a key mechanism in the development of the obesity-associated impairment of adipose tissue physiology. On the contrary, ATMs can also adopt an alternative (often called M2) activation state in response to cytokine signals from other immune cells of the SVF (Qiu et al. 2014 ) and possibly to various lipid metabolites, hormones and lipid soluble vitamins (Röszer et al. 2013; Zeyda et al. 2007 ). M2 activation is thought to support the homeostatic endocrine functions of the ATMs (Rosen and Spiegelman 2014) , for instance, allowing ATMs increased adaptive thermogenesis (Qiu et al. 2014) .
Collectively, the cells of the adipose tissue SVF have a high biomedical impact. However, the majority of the studies addressing the role of the SVF cells has been conducted in murine models of human diseases, in clinical studies, or in non-human primates (Chung et al. 2014; Greenberg and Obin 2006) and thus, we lack information on the nature and the functions of the SVF in other mammals. Only a negligible number of studies have been carried out on SVF stem cells (Marx et al. 2015) and we have no information on the immune phenotype of the SVF outside of rodents and primates. Therefore, whether the role of the SFV in metabolic regulation is a general trait of mammals is unknown. Interaction between immune cells and metabolically active tissues occurred at an early stage of evolution (Röszer 2014) ; however, the lack of comparative studies makes the evolutionary origin of the interaction between SVF immune cells and adipose cells uncertain.
We hypothesize that the immune function of the SVF is a general trait of mammals. This study is aimed at establishing this possibility by the analysis of the SVF composition in various mammals. We analyze farmed ruminant species, such as cattle (Bos primigenius taurus), domestic goat (Capra aegagrus hircus) and sheep (Ovis aries). In these animals, adipose tissue is important in the determination of meat and milk production and in the maintenance of fertility (Szebeni et al. 2007 ). We also study animals frequently brought to veterinary practices, such as the domestic cat (Felis catus) and the domestic dog (Canis familiaris). In these animals, obesity as a result of overnutrition can develop raising health issues and complications in the care of feline and canine patients (de Godoy and Swanson 2013) . Moreover, canine obesity is a possible model of human obesity associated metabolic diseases (Ionut et al. 2010 ) but we lack information on the SVF contribution to metabolism in dogs. We also analyze the SVF cells of red fox (Vulpes vulpes), wild boar (Sus scrofa) and horse (Equus ferus caballus). The studied species represent the order of Artiodactyls, suborders of the Ruminantia and Suina, the order of Perissodactyla and two superfamilies of the order of Carnivora, thus allowing comparisons between evolutionary diverse groups of mammals. We analyze the morphology and cell markers of the SVF, with emphasis on the resident immune cells.
Materials and methods

Animals and tissue harvest
We obtained SVF cells from white adipose tissue samples collected from cattle (Bos primigenius taurus; breed Hungarian Simmental, intact females, aged 2 months, n=5); domestic goat (Capra aegagrus hircus; breed Sanental, intact males, aged 5-8 months, n=4); sheep (Ovis aries; breed Kamieniec, intact males, aged 4-5 months, n=5); domestic cat (Felis catus; European shorthair, intact females, aged 3-4 years, n=6); domestic dog (Canis familiaris; mongrel, intact females, aged 5-8 years, n=9). We also analyzed samples from the domestic horse (Equus ferus caballus; aged 5 and 7 years, n=2). The animals were bred as farmed or companion animals and were free of any pathologies. Cattle, sheep, goat and horse specimens were collected during necropsies performed as part of the health screening of farmed animals. We analyzed specimens from wild boar (Sus scrofa; adult, n=2) and red fox (Vulpes vulpes; adult, n=2) captured in the wild and sent for veterinary necropsy. The data of the analysis of the domestic horse, wild boar and fox samples are shown in the Electronic supplementary material of this article. Adipose tissue samples were isolated from the greater omentum and stored in 4 % paraformaldehyde. Canine and feline specimens were collected as biopsy samples during surgical interventions performed at veterinary clinics by isolating adipose tissue from the falciform ligament and the greater omentum, respectively. The body condition score (BCS) was used to cluster the feline (Bjornvad et al. 2011 ) and the canine (Müller et al. 2014 ) samples into normal and obese categories. Three cats and five dogs were normal (BCS5 for cats, BCS3 for dogs); three cats and four dogs were obese (BCS7 for cats and BCS5 for dogs). Body condition and clinical history, plus blood glucose and insulin levels, were recorded for each animal. Blood samples were obtained from the cephalic vein and fasted glucose and insulin levels measured as described previously (Müller et al. 2014) . Sample collections were approved by the local authorities and the owners of the animals. Throughout the study, we used mouse SVF cells as a reference of antibody specificity (Figs. S1, S3 ). Mouse SVF cells were isolated from the epididymal adipose tissue of 8-week-old C57Black/6 lean mice (n=5; Jackson Laboratories, USA) or mice kept on a high-fat diet for 8 weeks (n=5, 60 % calories from fat, diet formula of Research Diets, USA). Mice were kept at a specific pathogen-free animal facility under a 12-h/ 12-h dark/light cycle and were killed in a carbon dioxide chamber before sample collection. The collection of mouse tissues was approved by local authorities.
Isolation of SVF cells and flow cytometry
To separate the SVF from fat cells, we used a method developed previously for SVF isolation from murine adipose tissue (Weisberg et al. 2003) . The adipose tissue samples were washed in phosphate-buffered saline (PBS) and chopped into pieces with a surgical blade. The tissue pieces were suspended in 10 ml digestion medium composed of 7 ml Hank solution (H9269, Sigma Aldrich), 3 ml of a 7.5 % bovine serum albumin (BSA) solution and 20 mg collagenase II (C6885, SigmaAldrich). The tissues were digested at 37°C for 2 h with 100 rpm agitation. After the digestion, we allowed the separation of an upper phase containing adipocytes and released fat and then discarded this phase. The lower phase was passed through a 100-μm mesh cell strainer and centrifuged for 10 min at 1500 rpm at 4°C. The pellet was collected and resuspended in selection medium consisting of 2 mM EDTA and 0.5 % BSA in PBS, pH 7.4. The cells were further used in flow cytometry and transmission electron microscopy. For flow cytometry analysis, the cell density was adjusted to 10 6 cell/ml. Light scattering parameters were recorded by a BD LSR flow cytometer, with the counting of 10,000 events in each sample. After excluding doublets, we generated plots showing the side scatter area (SSC-A) in the function of the forward scatter area (FSC-A).
Transmission electron microscopy and image analysis
The SVF cells were adjusted to a 10 6 cell/ml density and 100 μl of the cell suspension was added to conical tubes and fixed by adding 200 μl of a 1:5 mixture of 4 % paraformaldehyde and glutaraldehyde. After overnight fixation, the cells were centrifuged for 5 min and the pellet was processed for embedding and ultrathin sectioning as described previously (Röszer et al. 2011) . The ultrathin sections were analyzed with a JEM Jeol transmission electron microscope. Granulation of the Type A cells was quantified by using a semi-automated segmentation approach based on active contours (Kass et al. 1988) . Each granule on the transmission electron micrograph was labeled by clicking on a point belonging to the granule and the algorithm defined a smooth contouring element most likely corresponding to the granule border. This was made possible by the prominent edges and uniformity of the granule interior. The granule number per cell and the granule volume normalized to cell volume were calculated.
Histochemical and immunohistochemical staining and image analysis
Tissue samples were fixed in 4 % paraformaldehyde. Samples were processed for paraffin embedding or cyrosectioning. For paraffin embedding, the samples were dehydrated in a graded series of alcohol, cleared in xylene, embedded into wax and cut with microtome. Sections were cleared with xylene and rehydrated and acid phosphatase 5 (ACP-5) was visualized by using a leukocyte acid phosphatase staining kit (387A-1KT, Sigma-Aldrich) according to the manufacturer's protocol. As a positive control of the ACP-5 staining, we used mouse femur sections and mouse osteoclasts cultured in vitro (Fig. S4 ). The processing of the bone samples and the culture conditions of the osteoclasts were as described previously (Menendez-Gutierrez et al. 2015) . Adipose tissue sections were also processed for standard hematoxylin and eosin staining. Sections of canine adipose tissue were stained with 0.1 % toluidine blue pH 1.5 for 10 min to allow the staining of glucoseaminoglycan rich granules of the leukocytes (Módis 1974) . Specimens were analyzed with a Leica microscope, by using bright field illumination, differential interference contrast (DIC), or a polarizing filter (Fig. S5 ).
For cryosectioning, the samples were immersed in 20 % sucrose solution overnight, then placed into Surgipath CryoGel (Leica Microsystems, 39475237) for the embedding of fat-rich tissues and frozen at −80°C. Sections were cut with a Leica cryostat at a chamber temperature of −25°C. Cryosectioned specimens were used for the immunostaining of the lysosome protein Mac-3/Lamp-2 or laminin, which is a marker of the extracellular matrix of adipose tissue (Mori et al. 2014) . Sections were covered with 0.1 % Triton-X 100 containing PBS and then incubated with 2 % normal goat serum for 1 h. After being washed with PBS, the samples were incubated overnight with a rat antibody raised against mouse Mac-3/Lamp-2 (sc 19991, Santa Cruz) or laminin (ab11575, AbCam). The primary antibodies were visualized with rhodamine or fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulins (Sigma-Aldrich) and the nuclei were labeled with 4,6-diamidino-2-phenylindole (DAPI) by using Vectashield fluorescent mounting medium (Vector Laboratories). The sections were analyzed with a Leica fluorescent microscope. As a negative control, we preformed immunostaining with the omission of the primary antibodies. The specificity of the laminin antibody was tested on cryosections of mouse intestinal mucosa (Fig. S4 ). Images were taken with DIC and with fluorescent illumination.
To determine the area of the SVF in tissue seticons, we used image analysis. Images were taken at 20× bright field magnification of sections stained with hematoxylin and eosin. In each image, a global threshold was computed by using Otsu's method (Kass et al. 1988 ). This was used to convert the gray level intensity image to binary images, whereby black pixels corresponded to the stromal fraction and white pixels corresponded to the fat cells. The percentage of black pixels in each image was then outputted and plotted. The SVF cell number was determined by DAPI nuclear staining on sections stained for laminin. Rounded cell nuclei in laminin-positive fields were counted as SVF cells, whereas cell nuclei attached to the contours of the fat cells were considered as adipocyte nuclei. Cell counts were normalized to the tissue area.
Fluorescence-assisted flow cytometric analysis of SVF cells SVF cells were centrifuged for 5 min at 1500 rpm and the pellet was resuspended in red blood cell lysis buffer (Sigma Aldrich). After being washed with selection buffer, the cells were fixed with intracellular fixation buffer (00822240, Affymetrix eBioscience) and washed with selection buffer and the cell density was adjusted to 10 6 cells/ml. We used 200 μl of the cell suspensions. First, the cells were incubated with Fc receptor blocker (553141, BD Biosciences) for 1 h and then the isotype control immunoglobulins (rat phycoerythrin conjugated IgG2a, 12-4321-80, Affymetrix eBioscience; F I T C -c o n j u g a t e d r a t I g G , 4 0 6 0 0 1 , B i o L e g e n d ; allophycocyanin-conjugated streptavidin, eBioscience; eBioscience) or the specific antibodies. To label ATMs, we used antibodies directed against lysosome proteins ACP-5 and Mac-3/Lamp-2. The antibody specificity for ACP-5 and Mac-3/Lamp-2 was controlled by Western blotting (Fig. S3) . For the preparation of cell lysates, tissues were homogenized in RIPA lysis buffer (150 mM NaCl, 20 mM TRIS pH 7.5, 1 % Nonidet P40, 5 mM EDTA). Lysates were centrifuged at 1500 rpm for 10 min and the protein concentration was measured in the supernatant colorimetrically. The solubilized proteins were separated by 10 % SDS-polyacrylamide gel electrophoresis. After transfer to nitrocellulose membrane (Bio-Rad, Germany), the membranes were blocked with 3 % bovine serum albumin for 1 h and then probed with the ACP-5 and the Mac-3/Lamp-2 antibodies for 18 h at 1:10,000 antibody dilution. Feline and canine SVF cells were also stained for mouse F4/80 antigen and macrophage activation markers arginase-1, CD206 and cytokines interleukin-6 (IL-6) and IFNγ. As a hallmark of ongoing NO synthesis (Röszer 2012) , we labeled nitrosylated tyrosine. The following antibodies were used: phycoerythrin-conjugated anti-mouse Mac-3/Lamp-2 (553324, BD Pharmingen), allophycocyanin-conjugated anti-mouse F4/80 antigen (17-4801-80, Affymetrix eBioscience), FITC-conjugated anti-mouse CD206 (123005, BioLegend), FITC-conjugated anti-human arginase-1 (IC5868F, RD Systems), phycoerythrin-conjugated antimouse IL-6 (554401, BD Pharmingen), e-Fluor 450 (Pacific blue substituent)-conjugated anti-mouse IFNγ (48-7311-80, Affymetrix eBioscience) and unconjugated mouse anti-nitro tyrosine (SMC-154D, StressMarq). After a 2-h incubation, the cells were washed in selection buffer and used for analysis. The unconjugated nitro-tyrosine antibody was secondarily labeled with Alexa-488-conjugated goat anti-mouse antibody (A11008, Life Technologies) for 1 h. Acid phosphatase 5 (ACP-5) was labeled in a two-step indirect immunostaining method. The cell suspensions were treated with permeabilization buffer (00833356, eBioscience) and incubated with anti-mouse ACP-5 antibody overnight. After being washed in selection buffer, the cells were incubated with Alexa-488-conjugated goat anti-rabbit antibody (A11008, Life Technologies) for 1 h. Finally, the cells were washed with selection buffer and analyzed. We used a BD LSR flow cytometer for analysis. We counted 10,000 events. For data acquisition, we used FACSDiva (BD Biosciences) software and, for analysis, FlowJo (Tristar, USA) software.
Gene expression analysis
For quantitative polymerase chain reaction (qPCR) analysis, total RNA was isolated from SVF cells by using TRI Reagent (T9424, Sigma-Aldrich). Transcripts were quantified in a two-step reverese transcription qPCR process by using a Life Technologies ViiA7 qPCR instrument. We used the following primer pairs for amplification: Emr1 (encoding F4/80 antigen) Fw CGTGTTGTTGGTGGCACTGTGA, Rv CCACATCA-GTGTTCCAGGAGAC; Arg1 (encoding arginase-1) Fw CATTGGC-TTGCGAGACGTAGAC Rv GCTGAAGGTCTCTTCCATCACC; Cd206 (encoding CD206) Fw CCACAGCATTGAGGAGTTTG, Rv ACAGCTCATCATTTGGCTCA; Il6 (encoding IL-6) Fw G C T A C C A A A C T G G AT AT A AT C A G G A R v CCAGGTAGCTATGGTACTCCAGAA; Ifng (encoding IFNγ) Fw TAGCC-AAGACTGTGATTGCGG, Rv AGACATCTCCTCCCATCAGCAG. For normalization of t h e t r a n s c r i p t l e v e l s , w e u s e d b e t a a c t i n ( F w
Statistical analysis
Data are presented as means±standard deviation. Statistical significance of the difference between data of lean versus obese canine and feline specimens was determined by the use of an unpaired two-tailed Student t-test.
Results
Morphology of SVF cells
General details of the SVF from the visceral adipose depots from Bos, Capra, Ovis, Felis and Canis are shown in Fig. 1a-c . As a reference, we used SVF isolated from the epididymal fat depots of 8-week-old C57Black/6 mice. In tissue sections, the area of the SVF was 6.55±0.23 % in Bos, 7.41±0.78 % in Capra, 4.53±0.36 % in Ovis, 1.16 ± 0.44 % in Felis and 0.55 ± 0.22 % in Canis, expressed as a percentage of the total tissue area (Fig. 1d) . Based on the forward and side scatter areas (SSC-A and FSC-A, respectively), we could distinguish two cell populations in all species analyzed (Figs. 2a, S1). We refer to these cell populations as Type A and Type B. In mice, the Type A population contained cells expressing mouse macrophage markers F4/80 antigen and Mac-3/Lamp-2 (Fig. S1 ). This finding was in accordance with previous studies showing that this cell population is rich in ATMs (Morris et al. 2012 ). The Type B population was lacking F4/80 and Mac-3/Lamp-2 expression (Fig. S1 ). This accords with a previous finding that this cell population contains immature myeloid cells (Morris et al. 2012) . In all species, the Type A population contained larger cells than the Type B population, as shown by their higher FSC-A values (Figs. 2a, S1 ). Cells of the Type A population had medium and high SSC-A values, which was indicative of intracellular granulation ( Figs. 2a; S1) . In all species, the Type A population was more abundant than the Type B (Fig. 2a') .
Next, we analyzed the cell morphology of the SVF cells by transmission electron microscopy. We found two distinct cell types in all species studied. One cell type was lacking or had moderate intracellular granulation and had a centrally located and non-segmented nucleus (Fig. S2) . These morphological features support the idea that these cells represent the Type B population in all species. The other cell type was larger in size, with the cytoplasm being filled with electrolucent vesicles or granules and had a segmented nucleus (Fig. 2b-h ). This cell type represented the Type A cell populat i o n a n d i n B o s, C a p r a , O v i s an d F el is h a d electrolucent clear vesicles (Fig. 2c-e' ). Based on their morphological features, we classified these vesicles as primary lysosomes. The Type A cells often also contained large vesicles that were moderately electrodense (Fig. 2b, e' ). These structures were considere d a s ph ago somes or se con dar y l ys osome s.
Invaginating cell membrane structures were also often recognized on Type A cells, suggesting that these cells were undergoing endocytosis activity (Fig. 2c, e-g ). These cells contained few mitochondria, which suggests that these cells were non-activated resident immune cells (Ghernati et al. 2000) . The Type A cells also had lamellipodial protrusions (Fig. 2e, g ), characteristic features of tissue-resident macrophages (Rodrigues et al. 2010) .
In Canis, the Type A cells displayed a heterogeneous morphology. Cells bearing lamellipodial protrusions, clear electrolucent vesicles and small amounts of electrodense granules were present (Fig. 2g) . We also found cells in which the electrodense cytoplasmic granules were more abundant than the electrolucent granules (Fig. 2h) .
Acid phosphatase 5 is present in adipose tissue macrophages
Next, we aimed to verify that the Type A cells were resident ATMs. Lysosomes are prevalent cell organelles of macrophages because of their phagocytosis activity and thus, we decided to label lysosome proteins. Lysosomes contain acid phosphatases (Pavelka and Roth 2010) . Therefore, as a first approach regarding lysosome labeling, we detected acid phosphatase 5 (ACP-5) by using enzyme histochemistry (Janckila et al. 2007 ; Fig. S4 ). The ACP-5 activity was detected in scattered SVF cells in all species analyzed (Fig. 3a-e) and was confined to lysosome-like cytoplasmic granules. When we probed the isolated SVFs for ACP-5 by using an antibody raised against mouse ACP-5, we found that it was present in Type A cells and was lacking in Type B cells (Fig. 3f) . Western blotting of the SVF cell lysates confirmed that the used ACP-5 antibody labeled an identical molecular weight protein band in all of these species (Fig. S3) .
The majority of the Type A cells was classified as ACP-5-positive Type A in Bos, Capra, Ovis and Felis (68±7, 58±4, 78±6 and 56±9 %, respectively). ACP-5-negative Type A cells were prevalent in Canis (47±8 %). This accords with our ultrastructural observations showing that the canine SVF had a heterogeneous cell population with variable cytoplasmic granulation. The intracellular vesicle content of the Type A cells in Bos, Capra, Ovis and Felis was likely formed by lysosomes and endosomes, which were electrolucent by transmission electron microscopy and contained ACP-5. In Canis Type A cells, lysosomes were accompanied by electrodense cytoplasmic granules. Electrodense granules in canine leukocytes have been identified by others as lysosomes (Ghernati et al. 2000) , lipid droplets, neutrophil, or eosinophil granules (Baldwin and Becker 1993) .
By toluidine blue staining, we could detect birefringent granules in the Canis SVF cells (Fig. S5) , resembling the staining pattern of mast cells (Módis 1974) . This showed that the large SVF cells contained glycosaminoglycanrich granules in Canis.
Mac-3/Lamp-2 is a general marker of adipose tissue macrophages in non-rodent mammals
Major types of murine macrophages express Mac-3, also known as lysosomal-associated membrane protein 2 (Lamp-2, CD107b; Flotte et al. 1983 ). Mac-3/Lamp-2 is a 110-kDa type I membrane glycoprotein and is expressed on lysosomal membranes and the plasma membrane (Huynh et al. 2007 ). The Type A cells isolated from the mouse SVF showed intensive staining for Mac-3/Lamp-2 (Fig. S1 ). Homolog genes of Lamp2 have been found in the species that we tested in this study: Bos taurus, Gene ID: 529148; Capra hircus, Gene ID: 102189841; Ovis aries, Gene ID: 101113307; Felis catus, Gene ID: 100169945; Canis lupus familiaris, Gene ID: 481037. In order to test whether ATMs expressed Mac-3/ Lamp-2 in these species, we probed adipose tissue sections (Fig. 4a-f ) and isolated SVF cells (Fig. 4g) for Mac-3/Lamp-2 expression. We used antibodies raised against mouse Mac-3/ Lamp-2. In all tested species, we found Mac-3/Lamp-2-expressing SVF cells scattered among adipose cells (Fig. 4a - . c-h Transmission electron microscopy analysis of Type A SVF cells of each species studied (vs clear electrolucent vesicles, nc nucleus, lp lamellipodia, arrowheads endosome formation) : Bos (c, c'), Capra (d), Felis (e, e'), Ovis (f, f'), and Canis (g, g', h). Bars 5 μm (c, d, e, e', f, f', g, g'), 2 μm (c', h) e). The staining was confined to cytoplasmic granules (Fig. 4f) , suggesting that Mac-3/Lamp-2 was associated with lysosomes. The isolated SVF cells also expressed Mac-3/ Lamp-2 and the expression was confined to the Type A population (Fig. 4g) . By Western blotting of the SVF cells, we could detect the identical molecular weight bands in the tested species (Fig. S3) .
Taken together, these findings confirm that the Type A cells represented ATMs in Bos, Capra, Ovis, Felis and Canis and that these cells expressed ACP-5 and Mac-3/Lamp-2. To test whether, by using these markers, ATMs can be detected in other mammals, we analyzed adipose tissue samples of wild Cryosections of white adipose were labeled with an antibody raised against mouse Mac-3/Lamp-2. a-e Differential interference contrast (DIC) images. a'-e' Fluorescence illumination of the same sections. Bos (a, a'), Capra (b, b'), Ovis (c, c'), Felis (d, d') and Canis (e, e'). Bars 250 μm. f Canis white adipose tissue with merged channels of the DIC and fluorescence illumination (red Mac-3/Lamp-2-containing cytoplasmic granules, blue cell nuclei stained with DAPI, ac adipocyte). Bar 50 μm. g FACS analysis of the SVF cells. Representative histograms showing the fluorescence intensity of the isotype control (gray) and the Type A cells labeled with Mac-3/Lamp-2 antibody (red) boar (Sus scrofa), red fox (Vulpes vulpes) and domestic horse (Equus ferus caballus; Figs. S6-S9). We could distinguish Type A and Type B cell types in the SVF of these species. We also found that the Type A cells expressed Mac-3/Lamp-2 and ACP-5 (Fig. S6) . The Mac-3/Lamp-2-and ACP-5-positive SVF cells were scattered among the adipocytes, showing the distribution pattern of ATMs (Fig. S7-S9 ).
Immune phenotype of resident feline and canine ATMs
An intriguing question is whether the nutritional state has an effect on the immune phenotype of the ATMs in mammals other than rodents and primates. Overnutrition and an eventual positive energy balance is a common problem in dogs and cats kept in urbanized societies as companion animals (de Godoy and Swanson 2013). Thus, we continued our study with an analysis of tissue samples taken from visceral adipose tissue of lean and obese age-and gender-matched feline and canine individuals.
First, we tested whether the resident feline and canine ATMs (Type A cells) expressed similar markers to those of mouse resident ATMs. We probed the SVF cells for the expression of the F4/80 antigen, also known as EMR1 (egf-like module containing, mucin-like, hormone receptor-like 1). The F4/80 antigen is the product of the Emr1 gene, which is a member of the EGF-TM7 family of leukocyte plasma membrane heptahelical molecules (Gordon et al. 2011) . It is commonly expressed by mouse monocytes and many but not all types of tissue macrophages, including ATMs (Gordon et al. 2011) . Homologs of the Emr1 gene have been found in many mammalian species, including Felis catus (Gene ID: 100174782) and Canis lupus familiaris (Gene ID: 485015). Thus, we tested whether the resident feline and canine ATMs could be recognized by an antibody raised against the mouse F4/80 antigen. As we expected, the mouse visceral adipose tissue contained an F4/ 80-expressing ATM population (Fig. S1 ). We could also detect Emr1 transcription and F4/80 expression in the SVF from Felis and Canis (Fig. 5a, a') .
The immune phenotype (M2 versus M1 activation state) of the resident ATMs is a key factor in the metabolic impact of the ATMs (Lumeng et al. 2007 ). Thus, we next assessed whether the feline and the canine ATMs expressed markers of mouse M2 macrophage activation. First, we labeled the SVFs with an antibody raised against mouse CD206, a widely used marker of the M2 activation state in mice (Murray et al. 2014; Röszer 2015) . Cd206 transcription and CD206 protein expression was seen in the SVF of both Felis and Canis (Fig. 5b, b' ). Next, we labeled the SVF cells with an antibody reacting with arginase-1, an enzyme assigned to the M2 activation state (Murray et al. 2014) . Arg1 transcription was detected in Felis and was negligible in Canis SVF (Fig. 5c) . Accordingly, arginase-1 expression was found only in the feline ATMs (Fig. 5c') . Transcription of M1 activation markers Il6 and Ifng was not detectable in the lean condition (Fig. S10 ).
Obesity and immune phenotype of feline and canine ATMs
Next, we analyzed SVF cells from obese feline and canine adipose tissue. The fasting blood glucose level was 5.67± 0.88 mM in lean cats and 11.13±4.3 mM in obese cats (P= 0.27) . In dogs, the fasting blood glucose level was 4.23± 0.13 mM in the lean condition and 5.37±0.20 mM in obesity (P<0.05), with corresponsing plasma insulin levels at 3.43± 0.60 and 2.39±0.56 mU/l, respectively (P=0.26).
In both feline and canine obesity, we found Il6 and Ifng transcription in the SVF cells (Fig. S10) . In FACS analysis, the SVF cells were labeled with antibodies raised against mouse IL-6, mouse IFNγ and nitro-tyrosine (Fig. 6 ). Expression of IL-6 and IFNγ and increased tyrosine nitration attributable to the increased expression of inducible nitric oxide synthase (NOS2) are associated with M1 macrophage activation (Murray et al. 2014) . The M1 activation of ATMs is a cause of insulin resistance in obese mice and human patients (Glass and Olefsky 2012) .
In the lean condition, the feline ATMs failed to express IL-6 and lacked tyrosine nitration (Fig. 6a, a' ). However, a low number of feline ATMs expressed IFNγ in the lean condition (Fig. 6a'' ). Interestingly, a low percentage of the circulating monocytes was also IFNγ-positive in feline blood but not in canine blood (Fig. S11) . Feline obesity resulted in a marked increase of IL-6-and IFNγ-positive ATMs and caused tyrosine nitration ( Fig. 6a-a'' ). In ATMs isolated from mice fed a high-fat diet, tyrosine nitration of the ATMs was associated with the expression of NOS2 (Fig. S1 ). Canine ATMs lacked IL-6 and IFNγ expression in the lean condition (Fig. 6c, c'') ; however a low percentage of the ATMs contained nitro-tyrosine (Fig. 6c') . Canine obesity led to IL-6 and IFNγ expression by ATMs, together with their increased tyrosine nitration (Fig. 6c-c'' ), indicating M1-like activation.
In mice and humans, not only the M1 activation of the resident ATMs but also the recruitment of inflammatory monocytes and the local proliferation of ATMs can contribute to adipose tissue inflammation (Amano et al. 2014; Rosen and Spiegelman 2014) . In order to test whether the number of ATMs was increased in feline and canine obesity, we considered the number and distribution of ATMs in the adipose tissue. In feline obesity, the inflammatory phenotype switch of the ATMs was not associated with an increase of ATM number (Fig. 6b) . The adipose tissue contained 1.3±0.5 million/g tissue Type A cells in the lean condition and 1.1 ±0.4 million/g in obesity. The number of ACP-5-positive ATMs was 6.2±2/field in lean adipose tissue and 7±1.2/field in obesity. However, in canine obesity, a marked increase of the ATM number was observed. In the lean condition, the SVF contained 1.5±0.6 million/g tissue Type A cells. This cell density was raised to 3.25 ±0.9 million/g tissue in obesity (P<0.01). By using acid toluidine blue staining and ACP-5 histochemistry, we also compared the distribution of the birefringent and ACP-5-positive ATMs in lean and obese conditions (Fig. 6d) . The mean cell count was 2.1±0.4 cells/field in the lean condition and 6.2±0.9 in obesity (P<0.01).
Discussion
Comprehension of SVF cell functions in murine models of obesity and diabetes has advanced recently with the use of gene targeting and transgenic approaches. In particular, the contribution of ATMs to insulin resistance and its associated pathologies has been studied extensively (Glass and Olefsky 2012; Grant and Dixit 2015) . These studies promoted the understanding of specific gene functions in mouse ATMs and the discovery of the interaction of the immune system with the endocrine control of metabolism. Mice and humans share a large number of conserved genes in immunity and metabolism; this implies similar functions in the two species. However, key features of mouse and human ATMs, such as the molecular signature of their M1 and M2 activation and their relative proportions in obesity, exhibit differences (Shaul et al. 2010; West 2009 ). They raise the question as to whether the findings obtained in mouse studies can be directly extrapolated to other mammalian species. Despite the finding that inflammation can also lead to metabolic impairment in other mammalian species (Basinska et al. 2015) , only a limited number of comparative studies of non-human primates and canines has explored the metabolic impact of adipose tissue inflammation (Chung et al. 2014; Castro et al. 2015; Bastien et al. 2015) . Thus, whether adipose tissue hosts immune cells in mammals other than rodents and primates and whether these immune cells have the ability to regulate metabolism remains elusive. This investigation has partially filled this gap in our knowledge, showing that immune cells and specifically ATMs, are present in the adipose tissue in various mammalian species.
Our study shows that the SVF is rich in immune cells displaying characteristics of tissue-resident macrophages and monocytes in all the species tested. These immune cells lack similarities to dendritic cells (Ibisch et al. 2005; Mielcarek et al. 2007) or inflammatory leukocytes (Williamson and Grisham 1961) . Based on their morphology and the expression of macrophage marker proteins ACP-5 and Mac-3/Lamp-2, we identified these cells as ATMs. The resident ATMs are major constituents of the SVF in all the tested species. Interestingly, the canine ATMs contain birefringent granules, which are electrodense when observed by transmission electron microscopy. Birefringent granulation is generally considered a hallmark of mast cells in dogs in which mast cells play a more prominent role in inflammatory and tissue healing processes than in other mammals (Dewald et al. 2004; Pucheu-Haston et al. 2015) . This calls for caution when canine adipose tissue samples are analyzed by using acid toluidine blue, a standard staining method for mast cells, since ATMs are positively stained.
In ruminants, equine, feline and canine species, we have limited information on the cell markers of the tissue-resident macrophages (Yamate et al. 2000) . Our study provides markers for the identification of ATMs in non-rodent mammals. We have shown that ACP-5 and Mac-3/Lamp-2 are general markers of ATMs in mammals. In some of the specimens, Mac-3/Lamp-2 expression has also been detected in endothelial cells (Fig. S8) , calling for caution of the interpretation of the staining in the vicinity of blood vessels. Previous studies have shown that the family of Lamp-2 proteins is conserved from birds to mammals and that the diversity of Lamp-2 proteins is generated by alternative splicing of a single gene (Gough et al. 1995) . This accords with our finding that Mac-3/Lamp-2 expression is detectable in all the species studied with antibodies raised against the mouse protein. This is possibly attributable to the presence of conserved epitopes in the tested species. The same stands for ACP-5. In humans, ACP-5 has been shown to be expressed by various macrophage populations (Janckila et al. 2007) . As an aternative of immunostaining, ACP-5 enzyme histochemistry can also be used to label and further characterize the ATMs in various mammalian species. We also show that, in veterinary practice, feline and canine ATMs can be recognized by using the F4/80 antigen as a marker. This allows the flow cytometry analysis of ATMs isolated from biopsy samples and can expand the possible tools for studying ATMs in the context of metabolic diseases. Since obesity and diabetes is frequent in feline and canine patients at veterinary clinics (Müller et al. 2014) , the further study of ATMs in these species might be a novel path by which to study the metabolic regulatory role of ATMs in non-rodent mammals.
In resident ATMs, we were able to detect protein cross-reacting with anti-mouse CD206 antibody in Felis and Canis. CD206, also termed MRC1 (C-type mannose receptor 1), is a 175-kDa type I transmembrane glycoprotein that binds and internalizes glycoproteins and collagen ligands (Porcheray et al. 2005) . Several types of tissue-resident macrophages express CD206 in the mouse and the human, including ATMs (Aron-Wisnewsky et al. 2009; Dupasquier et al. 2006; Haase et al. 2014; Svensson-Arvelund et al. 2015; Titos et al. 2011; Zeyda et al. 2007 ). The immune functions of CD206 are not yet fully understood; for instance, its absence increases the random migration of macrophages and results in the up-regulation of proinflammatory cytokine production in the mouse (Kambara et al. 2015) . The lack of CD206 also results in the elevated serum level of inflammatory proteins, suggesting that it has a role in the resolution of inflammation by clearing inflammatory molecules from the blood (Lee et al. . Its gene transcription is amplified in macrophages undergoing M2 activation, in macrophages with profibrotic effects, or in macrophages that undergo a fibrocyte-like phenotype switch (Bellon et al. 2011; Kaku et al. 2014; Medbury et al. 2013) . The CD206-encoding gene is conserved from birds to mammals (Staines et al. 2014) ; however, we have little information on the macrophage expression of CD206 outside of rodents. Equine myeloid cells express CD206 (Steinbach et al. 2005 ) and dog CD206 expression (Gene ID: 487114) has been reported in in vitro differentiated macrophages and in bone-marrow-derived dendritic cells (Ricklin Gutzwiller et al. 2010) . One excretory product of the canine parasite Toxocara canis, which helps evade host defense and allows survival in the tissues, has a sequence similarity to CD206 (Loukas et al. 2000) . However, the exact immune functions of CD206 are unknown in non-murine species. In the domestic cat, the CD206 gene sequence is known (Gene ID: 101092193) but its association with immune cells has not been studied as yet. This is the first study showing the in vivo steady-state transcription of Cd206 and the expression of CD206 by tissue-resident macrophages in non-rodent mammals.
In Felis resident ATMs, we also found the transcription of Arg1, together with arginase-1 immunostaining. Arginase-1 is an enzyme of the urea cycle; it uses the amino acid L-arginine as a substrate and produces Lornithine and urea. Furthermore, it is constitutively expressed by tissue-resident macrophages and its gene transcription is amplified in M2 activation in the mouse (Ahn et al. 2012; Dzik 2014) . L-ornithine might be used in polyamine and collagen synthesis, promoting fibrosis and tissue regeneration (Munder 2009 ). The consumption of L-arginine by arginase-1 can inhibit L-argininedependent immune functions (Munder et al. 2006) , such as the suppression of T-cell proliferation or oxidative NO synthesis (Munder et al. 1999; Röszer 2015) .
Both CD206 and arginase-1 are markers of M2 macrophage activation in mice (Röszer 2015) . However, whether the M1/M2 model of macrophage activation can be extrapolated to other mammals is unclear. M2 macrophage activation occurs as part of the so-called Th2 immune response in helminth infections and in the allergic response in mice (Murray et al. 2014) . Helminth infections in dogs, cats and mice evoke distinct immune responses (de Almeida Leal et al. 2014) and each species has specific immune features in response to helminths or allergens (Dillon et al. 2008; Taglinger et al. 2007 ). In the feline allergic response, a clear Th2 immune response is lacking (Taglinger et al. 2008) . In dogs, the Th2 immune response is present in allergic responses; however, whether this evokes M2 macrophage activation is uncertain. Nevertheless, canine macrophages in allergic reactions are low IFNγ producers and synthesize IL-4 (Fujiwara et al. 2003) ; this makes them similar to mouse M2 macrophages. Moreover, the blunted inflammatory activation of canine macrophages in response to adenosine and ATP (Fujimoto et al. 2012 ) and the increased prostaglandin production in response to ω-3 fatty acids (Kearns et al. 1999 ) resemble features of mouse M2 macrophages.
In Felis, the ATM number is not increased in obesity, despite ATMs displaying increased IL-6, IFNγ expression and tyrosine nitration compared with the lean condition. Interestingly, in the lean condition, a low number of ATMs express IFNγ, similar to blood monocytes. Feline monocytes have been previously shown consitutively to express cytokines (Kipar et al. 2005) , including IFNγ ( Van de Velde et al. 2013) . Obesity increases both IL-6 and IFNγ transcription in feline adipose tissue (Van de Velde et al. 2013) and IFNγ might be a signal of macrophage activation in cats (Berg et al. 2005) . The macrophage synthesis of NO has also been shown in cats (Ponti et al. 2001) . Taken together, these data suggest that feline ATMs have steady-state IFNγ transcription and that obesity causes increased IL-6 and IFNγ expression and NO synthesis.
Similarly, canine obesity is associated with an inflammatory immune phenotype of the ATMs. In contrast to cats, the ATM number increases with obesity in dogs. We found increased numbers of ATMs expressing IL-6 and IFNγ, together with increased tyrosine nitration. As has been emphasized above, the immune and metabolic impact of ATMs has been most characterized in mouse models of human obesity, showing that ATMs produce these inflammatory mediators in obesity and that this is a causative of insulin resistance (Glass and Olefsky 2012) . In mouse and in human macrophages, IL-6 and IFNγ gene transcription is upregulated through nuclear factor kappa beta (NFκΒ). We have no information as to whether a similar mechanism exists in feline and canine macrophages. However, in the canine macrophage cell line DH82, lipopolysaccharide treatment has been shown to induce inflammatory activation through NFκΒ (Kim et al. 2006) . Lipopolysaccharides induce the expression of IL-6 in canine macrophages, such as DH82 cells (Fujimoto et al. 2012) , blood mononuclear cells and Kupffer cells in vitro (Hamano et al. 2002; Shi et al. 1995) . Moreover, IL-6 expression is associated with inflammation (Spitzbarth et al. 2011 ) and macrophage infiltration into inflamed tissues in dog (Klocke et al. 2005 ). IFNγ expression is also a result of the activation of blood mononuclear cells in the dog (Panaro et al. 2001 ) and increases the cytotoxic activity of canine alveolar macrophages in vitro (Kurzman et al. 1999) . Monocyte-derived canine macrophages secrete IFNγ when they kill the intracellular parasite Leishmania (Turchetti et al. 2015) . Taken together, these findings support the notion that the increased IL-6 and IFNγ expression of canine ATMs resembles the obesity-induced M1 macrophage activation in mice. However, whereas mouse M1 macrophages are high NO producers, conflicting results have been obtained regarding whether canine macrophages have a NO burst when they fight pathogens (Sanches et al. 2014) . Our data also suggest that NO synthesis is associated with a subpopulation of canine ATMs in obesity.
The reason that the ATMs adopt an inflammatory phenotype in obesity in cats and dogs is intriguing. In mice and humans, the excess lipid storage by the adipose cells is a major contributor to the development of adipose tissue inflammation, monocyte recruitment to the adipose tissue and M1 activation of the ATMs (Glass and Olefsky 2012; Rosen and Spiegelman 2014) . However, whether a similar mechanism exists in cats and dogs is unclear. Obesity causes adipose tissue inflammation in cats ( Van de Velde et al. 2013 ); however, a high-fat diet increases oxidative stress rather than inflammation in the adipose tissue in cats (Verbrugghe et al. 2014) . In dogs, lipid metabolites and liposomes increase inflammation (Szebeni et al. 2007 ) and weight loss improves the inflammatory state (Bastien et al. 2015) . These findings suggest that lipid overload shifts ATMs into an inflammatory phenotype and that visceral obesity causes inflammation in dogs. Adipose tissue inflammation predisposes insulin resistance in mice and humans (Rosen and Spiegelman 2014) ; however, recent studies provide conflicting conclusions in dogs. A correlation between diabetes mellitus and serum levels of IL-6 has been shown in dogs and the reduction of visceral obesity has been demonstrated to cause a drop in several pro-inflammatory chemotactic cytokines and growth factors (Bastien et al. 2015) and insulin resistance (Lottati et al. 2009 ) in dogs. Nonetheless, the lack of a causal link between visceral obesity and insulin resistance has also been shown in dogs (Castro et al. 2015) . Further, the clinical parameters that define insulin resistance in mice and humans are not optimal measures in dogs (Ader et al. 2014 ). In our study, inflammatory ATM activation is associated with a moderate increase in fasting blood glucose levels, without an effect on fasting plasma insulin levels.
Despite obesity being a condition rarely occurring in the majority of mammalian species, adipose tissue is nevertheless of major importance in metabolism and the endocrine system (Szebeni et al. 2007 ). Our comparative study shows that adipose tissue is rich in resident immune cells in mammals and that the interplay between immune cells and adipose cells might be an evolutionary conserved trait. The results should help us to improve our understanding of the relationship between immune cells and adipose cells in mammals and are relevant for further elucidating the metabolic impact of ATMs.
